Abstract-Because of the large numbers of feedback in the multiple input & multiple output (MIMO) multi-carrier system, the precoding based on full channel state information is difficult to be applied in practical. In order to significantly reduce the overhead of the feedback link, a compressed sensing precoding method with limited feedback in MIMO multi-carrier system is proposed in this paper. First, the channel matrix which results from the channel estimation is observed by compressed sensing measurement matrix at the receiver, only a small amount of measurements are fed back to the transmitter. Second, the channel matrix is reconstructed through orthogonal matching pursuit algorithm at the transmitter, and the transmitted signals are precoded using the reconstructed channel state information. Simulation results show that the proposed method can accurately reconstructed the channel state information using only a small amount of feedback data and can achieve comparable bit error rate performance with traditional precoding methods.
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I. INTRODUCTION
Multiple input & multiple output (MIMO) system using space-time coding techniques can greatly improve the capacity of wireless communication systems and the performance is improved effectively. Multi-carrier modulation technology can combat the ISI produced by the frequency selective multi-path channel. The MIMO Multi-carrier scheme combines the advantages of MIMO and Multi-carrier techniques and can not only improve performance and transmission rate of the system but also combat the ISI. In order to further improve the system performance and reduce the receiver's complexity, more and more new signal processing techniques are adopted. The precoding method is one of them.
According to the knowledge of information theory, as a new signal processing method, the precoding can enhance not only the performance but also the capacity of the system by using the channel state information (CSI) for the purpose of corresponding pretreatment at the transmitter. In recent years, the precoding becomes a hot research field of wireless communications [1, 2] . In the precoding, the channel state information can either be full channel state information or be part of the channel state information. The optimal precoding scheme is based on the full channel state information [3] . In the time division duplexing (TDD) system, the transmitting end can use the reciprocity of the uplink and downlink to achieve full channel state information precoding. But in a frequency division duplexing (FDD) system, to make the transmitting end acquire the full channel state information, it requires a lot of feedback link overhead to precode the transmitting signal. And due to the inaccuracy of the channel estimation and the constraint of the spectrum resource, such precoding is difficult to achieve. Meanwhile, MIMO multi-carrier system is more sensitive to the inaccuracy of the channel state information and outdated channel state information, which will lead to serious performance degradation of the system. Therefore, how to feedback channel state information and how to use the feedback data have become the focus of the research in this domain.
Currently, studies for precoding mainly focus on the downstream user scheduling algorithm, precoding scheme design and how to ensure the system throughput as well as reduce feedback overhead. In recent years, the limited feedback precoding not only becomes the focus of wireless communications research but also be included as one of the 3GPP LTE standards. A block-diagonalization in downlink system by using random quantization limited feedback scheme is proposed in [4] , which can increase the system throughput when uses a certain number of feedback bits. A unitary matrix beam-forming mechanism based on the multi-user limited feedback MIMO system is proposed in [5] which builds unitary matrix to maximize the system throughput compared to conventional zero-forcing (ZF) beamforming. MU-MIMO limited feedback scheme which can achieve higher system capacity than conventional MU-MIMO especially at low signal-to-noise ratio (SNR) is proposed in [6] and it has lower complexity and lower feedback rate. Ryan et al. proposed a vector perturbation based on the multi-user limited feedback MIMO by using lattice theory to improve the performance in the case of using a certain number of feedback bits [7] . Because of the dispersion of the multi-user in the MIMO downlink system, the received signals can't be co-processed among the receivers and leads to serious deficiencies in the system error performance.
The Nyquist sampling theorem requires that the sampling frequency of the signal is at least twice of the signal's bandwidth. This intensive sampling contains a lot of redundant information. Compressed sensing (CS) theory [8, 9] shows that, for sparse signal, the sampling frequency can be much lower than the Nyquist frequency while the original signal can be accurately recovery through the compressed sensing recovery algorithms. The compressed sensing technique has the advantages of saving sampled resources, greatly reducing the amount of sampling data, perfectly restoring the original signal [10] .
In this paper, a limited feedback precoding based on CS for MIMO multi-carrier system is proposed, which can reduce the overhead of the feedback link and achieve comparable BER performance to that of the precoding with ideal full CSI. First, the CS is applied to the compression and measurement of the full CSI，and then the measurements are fed back to the base station (BS) so as to the CSI can be reconstructed. In the single-user MIMO (SU-MIMO) situation, geometric mean decomposition (GMD) is employed in the precoding. In the multi-user MIMO (MU-MIMO) situation, the signals of the users are preprocessed by using the block diagonalization (BD) to suppress the interferences between users. Simulation results show that the proposed method can accurately reconstruct the channel state information only by using a small amount of feedback data and enhance the bit error rate performance of the system comparable to the traditional precoding method.
II. BASIC THEORY OF CS
Suppose that there is a 1 N × signal x which can be linear expressed by the basis vectors
where Ψ is the N N × basis matrix, α is the 1 N × coefficient vector. If α has at most K non-zero or absolute value greater elements and other elements of α are zero or close to zero, the N-dimensional signal x is called K-sparse in the sparsity-inducing basis By computing the inner product of x and different measurement row vectors, the measurement vector can be expressed as
where Φ is the CS measurement matrix or the observation matrix and
Here, Θ should meet the restricted isometry property (RIP). And the observation matrix Φ and basis matrix Ψ are completely irrelevant. Gaussian random matrix is used as the measurement matrix because it meets the RIP and it is completely irrelevant to the vast majority of matrices. After getting the 1 M × measurements vector y , the original signal x can be accurately reconstructed by computing the 0 l norm of the coefficient vector α such that
In this paper, we use orthogonal matching pursuit (OMP) algorithm to get α . Then we can get the reconstructed
III. TRADITIONAL MIMO MULTI-CARRIER PRECODING BASED ON FULL CSIT
A. SU-MIMO System
Considering a MIMO multi-carrier precoding system with full CSI, where the transmitter is equipped with N antennas, and the receiver has M antennas, as shown in Figure 1 . In this system, the original data from the information source is transformed to C-tier (the number of the subcarriers) parallel data by mapping, space-time coding, serials/parallel conversion and other related transformations. And then the transmitting signals, which are precoded before transmitted by N transmit antennas, reach the receivers by flat Rayleigh fading channel. At the receivers, each of the receiving antennas undertakes the channel estimation, space-time decoding and other operations. The received signal vector for the c-th subcarrier can be represented as follow:
where 
B. MU-MIMO System
Considering a multi-carrier MU-MIMO precoding system with ideal full CSI, where the transmitter is equipped with N antennas, and the K-th user has k M antennas, as shown in Figure 2 . In this system, the original data from the information source is transformed to C-tier (the number of subcarriers) parallel data by mapping, space-time coding, serials/parallel conversion and other related transformations. And then the transmitting signals, which are precoded before transmitted by N transmitting antennas, reach the receivers by flat Rayleigh fading channel. At the receivers, each of the receiving antennas undertakes the channel estimation, space-time decoding and other operations. The received signal vector for the k-th user can be represented as follow: Figure. 2 MU-MIMO Multi-carrier precoding system with ideal full CSI
In a traditional MU-MIMO precoding system based on full CSI, as the BS is usually assumed to have got the knowledge of the instantaneous full CSI, the feedback of the full CSI is generally de-emphasized.
IV. MIMO LIMITED FEEDBACK PRECODING BASED ON CS
A. SU-MIMO System
A block diagram of the SU-MIMO multi-carrier limited feedback precoding system based on CS is shown in Figure 3 . We assume that each receiver can get the current full CSI accurately by channel estimation. And before observed by the CS measurement matrix, the channel matrix is transformed to a sparse domain. Then the measurement values are fed back to the BS or transmitter. In the transmitter, sparse domain full CSI is reconstructed by solving an optimization problem. After inverse sparse transformation, we can get the reconstructed full CSI to preprocessing the transmitting signals of the users. Then the precoded transmitting signals are transmitted to the users. At last, the users get their desired information by detecting the received signals. 
U ii is one of the diagonal elements of U. Weighting matrix
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where -1 = P KF . After the IFFT transformation, cyclic prefix adding, and the parallel-serial conversion, x is transmitted to the receiver by the transmitting antennas. At the receiving end, the received signals ( = + y Hx n , n is the additive white Gaussian noise) are detected after serial-parallel conversion, cyclic prefix removing and FFT transformation. The receiving end gets the channel matrix H by conducting channel estimation. Then the channel matrix is decomposed by GMD algorithm. For the sake of convenience, the letters of the GMD parameters ibid. The decoded received signal is
A U A U a n (22) =+ a n (23) Here the compressed sensing-zero forcing-geometric mean decomposition (CS-ZF-GMD) is introduced. Another algorithm is compressed sensing-minimum mean square errorgeometric mean decomposition (CS-MMSE-GMD) in which (13) σ is the signal noise ratio (SNR).
B. MU-MIMO System
A block diagram of the multi-carrier MU-MIMO limited feedback precoding system based on CS is shown in Figure 4 . We assume that each receiver can get the current full CSI accurately by channel estimation. And before observed by the CS measurement matrix, the channel matrix is transformed to a sparse domain. Then the measurement values are fed back to the BS or transmitter. In the transmitter, sparse domain full CSI is reconstructed by solving an optimization problem. After inverse sparse transformation, we can get the reconstructed full CSI to preprocessing the transmitting signals of the users. Then the precoded transmitting signals are transmitted to the users. At last, the users get their desired information by detecting the received signals. 
Then ˆk h is reshaped and transformed toˆk H , which is in frequency domain, by fast Fourier transform (FFT). Other users' channel matrices are also reconstructed in the transmitter according to (25)~(28) and transformed to frequency domain.
Next, we need to calculate each user's precoding matrix and to precode the transmitting signals. In MU-MIMO system, the BS simultaneously transmits signals to the different users in the same frequency spectrum. But because of the dispersibility in distance and location, users can not collaboratively process the receive signals. In the uplink, the BS can employ traditional multi-user detection algorithm to separate the signals of the different users. In the downlink, the receive signals of a certain user contain the desired signals, the interference signals from other users and the additive white Gaussian noise. In this paper, we use the BD precoding to suppress the interference signals from other users.
The users' receive signals for subcarrier c (the subcarrier "(c)" is omitted for the sake of simplicity) can be expressed as r HPS n = + 
The desired signal can be detected by zero-forcing (ZF) algorithm and minimum mean square error (MMSE) algorithm.
V. SIMULATION AND ANALYSIS
In this section, the performance of the proposed CS-based limited feedback precoding is evaluated through several simulations.
A. SU-MIMO System
Assuming that the base station has 4 transmitting antennas and the user has 4 receiving antennas. The data of the user is modulated by quadrature phase shift keying (QPSK). The number of the subcarriers C is 32. The signals are transmitted over frequency selective multi-path fading channels. For every subcarrier, the number of multi-path is 3. There is a total of 4800 objects or samples. The number of observation times, namely the row number of the Gaussian random matrix Φ , is 50.
As the channel matrix is complex-valued, the amplitude and phase are considered respectively. In order to see clearly, we only select the first 100 samples in the diagram of simulation results. Figure 5 shows the sparsity of the amplitude and phase in KLT domain. As shown in Figure 5 (a) and Figure 5 (b) respectively, there is only one absolute value greater element while other elements are zero or close to zero. So the amplitude and phase are sparse in KLT domain. Figure 6 compares the reconstructed data with the original data. As shown in Figure 6 , the amplitude and phase can be almost perfectly reconstructed. This is because that the sparser the signal is, the less observation times the system will need and the better performance the system will achieve. The BER performance of four kinds precoding scheme are compared: 1) zero-forcing geometric mean decomposition (ZF-GMD) precoding with full CSI; 2) minimum mean-square-error geometric mean decomposition (MMSE-GMD) precoding with full CSIT; 3) CS-based ZF-GMD precoding with reconstructed CSI; 4) CS-based MMSE-GMD precoding with reconstructed CSI. Figure 7 shows the comparison of the BER performances. The BER performances of the two kinds of CS-based precoding schemes are very close to the BER performances of the corresponding two kinds of precoding schemes with full CSI, because there inevitably exist few errors in the reconstruction. Whether based on CS or not, MMSE precoding BER performance is better than the ZF precoding BER performance. This is because the other strong interferences are set to be zero in the ZF algorithm, which results some of available and useful information to be lost. But the MMSE algorithm considers the effect of the CSI and noise, leading to a better BER performance of the system. 
B. MU-MIMO System
Assuming that the base station has 4 transmitting antennas and the number of the users K is 2. Each user has 2 receiving antennas. The data of the users is modulated by quadrature phase shift keying (QPSK). The number of the subcarriers C is 32. The signals are transmitted over frequency selective multi-path fading channels. For every subcarrier, the number of multi-path is 3. There are a total of 2400 objects or samples. The number of observation times, namely the row number of the Gaussian random matrix Φ , is 30. The proposed CS-based precoding method can only use 30 data to recover 2400 data in the BS.
In order to save space, we only give the channel matrix compression and reconstruction of one user, which is similar to another user's case. As the channel matrix is complex-valued, the amplitude and phase are considered respectively. In order to see clearly, we only select the first 80 samples in the diagram of simulation results. Figure 8 shows the sparsity of the amplitude and phase in KLT domain. As shown in Figure 8 (a) and Figure 8 (b) respectively, there is only one absolute value greater element while other elements are zero or close to zero. So the amplitude and phase are sparse in KLT domain. Figure 9 compares the reconstructed data with the original data. As shown in Figure 9 , the amplitude and phase can be almost perfectly reconstructed. Similar to the SU-MIMO situation, the BER performance of four kinds of precoding scheme are compared in Figure. 10. 1) zero-forcing block diagonalization (ZF-BD) precoding with ideal full CSI; 2) minimum mean-square-error block diagonalization (MMSE-BD) precoding with ideal full CSI; 3) CS-based ZF-BD precoding with reconstructed CSI; 4) CS-based MMSE-BD precoding with reconstructed CSI. 
VI. CONCLUSIONS
In this paper, SU-/MU-MIMO multi-carrier limited feedback precoding method based on the CS is proposed. First, at the receiver, the CSI resulted from channel estimation is transformed to sparse domain. And then, the CSI of spares domain is observed. At the end, the measurements are fed back to the transmitter so as to the CSI can be reconstructed for the precoding matrix. Simulation results show that the proposed method can accurately reconstruct the channel state information only by using a small amount of feedback data and enhance the bit error rate performance of the system comparable to the traditional precoding method. 
